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Abstract:  
 
We experimentally and numerically study the atomic response and pulse propagation effects of high-order 
harmonics generated in Xe, Kr, and Ar driven by a 2.1-µm infrared femtosecond light source. The light source is an 
optical parametric chirped-pulse amplifier, and a modified strong-field approximation and 3-dimensional pulse 
propagation code are used for the numerical simulations. The extended cutoff in the long-wavelength driven high-
harmonic generation has revealed the spectral shaping of high-order harmonics due to the atomic structure (or 
photo-recombination cross-section) and the macroscopic effects, which are the main factors of determining the 
conversion efficiency besides the driving wavelength. Using precise numerical simulations to determine the 
macroscopic electron wavepacket, we are able to extract the photo-recombination cross-sections from experimental 
high-order harmonic spectra in the presence of macroscopic effects. We have experimentally observed that the 
macroscopic effects shift the observed Cooper minimum of Kr from 80 eV to 60-70 eV and wash out the Cooper 
minimum of Ar. Measured high-harmonic conversion efficiencies per harmonic near the cutoff are ~10-9 for all three 
gases.  
 
 
I. Introduction 
 
The high-order harmonic generation (HHG) process can be decomposed into the single-atom response and the 
coherent addition of the extreme ultraviolet/soft X-ray (XUV) radiation during pulse propagation often called 
macroscopic effects. The three-step model [1,2] that includes tunnel ionization of electrons by the strong field, 
acceleration, and recombination with the parent atom provides an excellent understanding of the physics underlying 
the single-atom response. The tunnel ionization and acceleration are mostly determined by the driving electric field 
while recombination depends on the orbital structure of parent atom. The emitted XUV photon spectrum is directly 
related to the dipole moment due to the coherence between the returning electron wavepacket and the ionic ground 
state. The ad hoc factorization of the three-step model has been found to be very useful in the understanding of high-
order harmonic (HH) spectra. The harmonic spectrum, S, can be described as follows [3-6]:  
24( ) ( ) ( ) ( ) ( )rS d W E E W Eω ω ω σ= ∝ ⋅ ,                            (1) 
where ω is photon energy of the emitted XUV radiation, E, the kinetic energy of returning electron with E=ω−Ip and 
Ip being the ionization potential, d, transition dipole element in the length form, W, the electron wavepacket (EWP), 
and σr is the photo-recombination cross-section (PRCS) that is related to photo-ionization cross-section (PICS). This 
shows that using accurate information on the EWP which is mainly determined by the driving laser field, we can 
extract the PRCS containing atomic or molecular orbital structure from the HH spectrum or vice versa. As studied 
by Le et al. [7] and known as quantitative rescattering (QRS) theory, the factorization with accurate PRCS can 
provide a quantitative correction to the single-atom HHG calculation based on strong-field approximation (SFA) 
which neglects the effect of atomic potential and assumes the plane wave of ionized electrons.  
 
The HH spectrum, emitted by the rescattered EWP, shows the characteristic of long plateau and a sharp cutoff, while 
its shape is determined by the PRCS of the valence shell. However, the detailed spectral structure is also influenced 
by the propagation effects, such as the phase matching between XUV and driver pulses, the absorption of XUV 
pulses in the medium, and the plasma-induced driver pulse deformation [8]. The propagation effects change the 
macroscopic feature of coherent addition of XUV pulses and the ultimate efficiency of the HHG process as well as 
the HH spectral shape. In general, the HH spectroscopy is performed in the phase-matched regime with low medium 
density to avoid the propagation effect. However, it is not always possible to achieve the phase matching over broad 
harmonic bandwidth. Therefore, the quantitative analysis of the propagation effects always helps increasing the 
accuracy of HH spectroscopy. For example, the impact of propagation effects on the observed location of the Ar 
Cooper minimum has been studied very recently [9,10]. 
 
Experimentally, HHG has been mostly studied using 800-nm femtosecond Ti:sapphire laser amplifiers with or 
without external pulse compression [11]. Cutoff extension of HHG using long-wavelength drivers [12-16] has made 
seen rapid progress using drive laser technology based on infrared optical parametric amplification (OPA) [17] and 
optical parametric chirped-pulse amplification (OPCPA) [18]. As a result, recently it has been demonstrated that 
high-flux coherent XUV pulses with high photon energies beyond the keV region can be generated [19]. The 
unfavorable wavelength scaling of harmonic efficiency in the single-atom response (proportional to λ-5−λ-6) which is 
mainly due to the increased quantum diffusion can be compensated for to some extent by improved phase matching 
in HHG at high gas pressures exploiting the low absorption in helium for high photon energies [20]. Thus the 
efficiency study is important for developing high-flux coherent XUV sources. 
 
Besides the development of high-flux XUV sources, long-wavelength-driven HHG is crucial for HH spectroscopy, 
because the extended cutoff and broad plateau give additional information on the single-atom response in the high 
photon energy region, revealing the atomic and molecular orbital structure more clearly. Recently, Shiner et al. [6] 
have observed the giant resonance in Xe, already known from earlier studies in physics of XUV region [21, 22], 
using a 1.8-µm driver and Vozzi el al. [23] have tomographically reconstructed the orbital structure of diatomic 
molecules using 1.3-1.7 µm drivers. On the other hand, the longer driver wavelength and lower efficiency makes the 
HHG process more sensitive to propagation effects due to the enhanced spectral coverage over which it is difficult 
to maintain phase matching. Therefore, propagation effects need to be addressed for accurate analysis of atomic and 
molecular structures in the HH spectroscopy. Recently, Jin et al. [5] theoretically studied how to retrieve PRCS from 
HHG under the presence of macroscopic effects using 3-dimensional (3D) propagation simulations.   
 
In this paper, we experimentally and numerically investigate the spectral signature of the single-atom response and 
the propagation effect in HHG driven by a 2.1-µm source in Xe, Kr, and Ar gas jets. Section II describes the 2.1-µm 
kHz-repetition-rate OPCPA system and the experimental measurement of the HH spectra and the extraction of 
conversion efficiency. In section III, we discuss how to calculate the differential PRCS of the sub-shells in each gas 
using the published PICS data [6] and describe the numerical simulation of HHG using a 3D propagation code [8] 
and the three step model [20,24] combined with the differential PRCS, following the concept of the QRS theory [7]. 
In section IV, we present the simulated HH spectra and reproduce the experimental ones from Xe, Kr, and Ar. The 
PRCS curve of each gas is also extracted from the experimental and simulated spectra. Detailed comparison of 
experimental and simulated HH spectra with the PRCS curves enables to separate the atomic response from the 
propagation effects. We also discuss the Cooper minima in Kr and Ar and the possibility of the multi-electron effect 
involvement in Xe and Kr. Section 4 contains the conclusion.  
 
II. HHG experiment using an ultrabroadband 2.1-µm, kHz OPCPA system 
 
II.1 Picosecond pump lasers and 2.1 µm OPCPA setup 
For the long-wavelength-driven HHG, we have developed a mJ-level 2.1-µm ultrabroadband OPCPA system 
operating at kHz repetition rate [18,25]. Picosecond pump laser technology is crucial for the energy scaling of 
ultrabroadband OPCPA systems. The operating parameters of the 2.1-µm OPCPA system and its pump lasers are 
summarized as follows. This OPCPA system is simultaneously pumped by two lasers operating at a kHz repetition 
rate: 1) ~12 ps, 4 mJ, 1047 nm Nd:YLF amplifier and 2) ~14 ps, 13 mJ, 1029 nm cryogenic Yb:YAG amplifier. 
Both pump lasers are seeded by one Ti:sapphire laser for achieving optical synchronization. The Nd:YLF chirped-
pulse amplifier (CPA) pumps the first two OPCPA pre-amplifier stages. The required and used pump energy for the 
first two stages of the OPCPA was 1.9 mJ out of 4 mJ. The cryogenic Yb:YAG laser pumps the final OPCPA stage 
for power amplification.  
 
Ultrafast cryogenic Yb:YAG laser technology has been proven to overcome the limitations of ps Nd:YLF laser 
technology in terms of both energy and average power. The second pump source was modified from a multi-ten-mJ, 
ps cryogenic Yb:YAG CPA system [26]. The seed from the Ti:sapphire oscillator is stretched by a chirped volume 
Bragg grating (CVBG) pair to ~560 ps with 0.7 nm of bandwidth at 1029 nm, and then amplified by a regenerative 
amplifier and a double-pass amplifier that are both based on cryogenically cooled Yb:YAG as gain medium. We 
limited the maximum energy to 20 mJ with a relatively large pump beam size (~3.6 mm diameter) at the double-pass 
amplifier to ensure damage-free long-term operation. The pulse is compressed to 14.2 ps using a multi-layer 
dielectric grating pair with a throughput efficiency of 75%. The available pump energy at the third OPCPA stage 
was 13 mJ following the optics for energy and optical delay control.  
 
Figure 1 illustrates the schematic of the 2.1-µm OPCPA system and HHG setup. The passively carrier-envelope 
phase (CEP)-stable 2.1-µm seed pulses, produced by intra-pulse difference frequency generation (DFG) in 
MgO:PPLN, are stretched and amplified to 2.5 µJ in the first OPCPA stage based on a MgO:PPLN crystal. The 
pulses are then stretched to ~9 ps in full width at half maximum (FWHM) using an acousto-optic programmable 
dispersive filter (AOPDF). The second OPCPA stage (MgO:PPSLT crystal), pumped by ~1.4 mJ of energy, 
amplifies the pulses to 25 µJ. The pulses are further stretched to ~14 ps (FWHM) for the third OPCPA stage based 
on a β-barium borate (BBO) crystal. The pump intensity at the third stage was ~40 GW/cm2 at 13 mJ of energy. 
After optimization of temporal and spatial overlaps and incidence angle of the pump beam into the BBO crystal, we 
obtained a maximum energy of 0.85 mJ with a conversion efficiency of 7.5% including the reflection loss of the 
pump beam on the uncoated BBO crystal. The amplified spectrum from the third OPCPA stage shows a spectral 
bandwidth of ~470 nm (FWHM) centered at 2.1 µm, supporting a transform-limited pulse duration of 24.5 fs (3.5 
optical cycles). The pulse duration after compression using Brewster-angle fused silica (Suprasil 300) was measured 
to be 31.7 fs corresponding to ~4.5 optical cycles. The near-field output beam profile of the 2.1-µm pulse shows 
near Gaussian profile with an estimated M2 of near ~1.3 [25].  
 
II.2 HHG setup and experimental results 
 
The compressed 2.1-µm output was delivered to the vacuum HHG chamber. In the HHG experiments, the typical 
energy after the third OPCPA stage and a telescope was 0.5−0.6 mJ. Due to the reflection loss at the silver mirrors 
(10 reflections) for beam delivery and at a Brewster-angle Suprasil 300 compressor (8 times transmission through 
glass surfaces) we had maximum ~0.4 mJ of compressed pulse energy available on target. The laser energy and 
beam size (~6 mm of diameter) was further controlled using a variable aperture which is also useful for improving 
the phase-matching condition of HHG, and the 2.1-µm beam was focused onto a gas jet using an f=200 mm or f=250 
mm CaF2 lens. Before we measure the HH spectrum, the HHG signal was detected with an Al-coated XUV 
photodiode (AXUV100, IRD) after a 500-nm-thick Al filter and then magnified using a low-noise electronic 
amplifier that significantly improves the detection sensitivity.  
 
After maximizing the XUV photodiode signal by changing the aperture diameter and the gas jet position relative to 
the beam focus, we measured the HH spectra using an XUV spectrometer with a multi-channel plate (MCP) detector 
[27]. Generated XUV pulses were collected and focused at the XUV spectrometer using a toroidal mirror. The 
driving 2.1-µm pulse was blocked by an X-ray filter, for which we used a 500-nm-thick Al, 500-nm-thick Be, or 
400-nm-thick Zr filter depending on the XUV range of interest. The signal from the calibrated XUV photodiode 
together with the measured HH spectra is used to compute the conversion efficiency of the HHG process from the 
experimental data. 
 
The measured HH spectra from Xe, Kr, and Ar are shown in Figs. 2(a)-(c), where the estimated laser intensities at 
the focus are (0.7±0.1)x1014 W/cm2 for Xe, (1.1±0.1)x1014 W/cm2 for Kr and (1.7±0.2)x1014 W/cm2 for Ar. The 
estimated Gaussian beam waist at focus was in the range of 50−75 µm depending on gas species and focusing lens 
when the XUV photodiode signal was maximized by adjusting the aperture. The interaction length in the gas 
medium was ~2 mm and the gas pressure measured at the interaction region was ~50 mbar for Xe and Kr, and ~70 
mbar for Ar. The gas pressure was limited by the maximum backing pressure (3 bars) that can be handled by our 
current pressure regulator. The Rayleigh range of the focused beam is more than 3.7 mm. The position of the gas jet 
relative to the focus was also scanned for maximizing the HHG efficiency in the Xe and Kr measurements. As a 
result, in Fig 2 the gas jet was placed slightly after the focus, which is a typical geometry for maximizing phase-
matched short-trajectory high harmonics in the presence of Guoy phase [28].  
 
Figure 2(a)-(c) clearly shows the cutoff extension from each gas compared to the conventional 800-nm-driven HHG. 
The cutoff energies in Xe, Kr, and Ar are at ~85 eV (~14 nm, ~149th harmonic), ~120 eV (~10 nm, ~211th 
harmonic) and ~160 eV (~7.8 nm, ~269th harmonic), respectively. The Al and Be edges are clearly shown in the 
spectra. The cutoff energy is typically <35 eV for Xe and <60 eV for Ar in the 800-nm-driven HHG experiments. 
The HHG peak efficiencies per harmonic near cutoff were measured to be ~1x10-9 for Xe at ~70 eV, ~0.8x10-9 for 
Kr at ~110 eV, ~2x10-9 for Ar at ~130 eV, respectively. In terms of photon flux, the number of photons per second 
over 1% bandwidth at 130 eV for Ar is as high as 0.8x108. In our previous study [27], we obtained ~1x10-8 
efficiency at ~110 eV from He using an 800-nm driver in a loosely focused geometry. Despite the wavelength 
scaling of λ-5−λ-6, the measured efficiency using 2.1-µm driver did not significantly drop because of the different 
atomic properties between Kr and He. A multi-mJ, kHz 2.1-µm driver is expected to deliver 109−1010 photons per 
second over 1% bandwidth in the phase-matched water-window soft X-ray HHG if high-pressure gas targets of Ne 
and He are used [8]. 
 
In view of HH spectroscopy, the HH spectra in Fig. 2 also contain some interesting features, such as the local 
minima and low-energy depletion. The detailed structure of the HHG spectra can be explained by the mixture of 
atomic response and propagation effect. We will explore the HH spectroscopy in the presence of macroscopic 
effects in the following sections.  
 
III. Single-atom response and propagation effects in the HH spectra 
 
As indicated by Eq. (1), the spectral response of the PRCS can be studied by HH spectra if the EWP is well 
characterized. Since the HHG process is dominated by the electron dynamics in the valence shell, the atomic or 
molecular orbital in the valence shell can reconstructed by analyzing the HH spectra [3]. In the same context, HH 
spectroscopy is useful for probing multi-electron effects, which can significantly modify the HH spectrum generated 
from the valence shell electrons. Recently, the observations of multi-electron inelastic scattering dynamics between 
the returning electron, ionized from the valence shell, and the electrons in a sub-shell or inner-shell have been 
reported [6,29] using long-wavelength drivers. The multi-channel effect can be more easily observed in molecules 
[30] than in atoms because the ionization potential of the highest occupied molecular orbital (HOMO) is relatively 
close to the next-order orbital, such as HOMO-1 or HOMO-2.  
 
On the other hand, the absorption of XUV pulses in the HHG medium itself and the phase matching between XUV 
pulse and driving laser pulse are the major macroscopic effects, strongly modifying the HH spectra as well. In this 
section, we discuss 1) the differential PRCS curves for valence shell and outermost sub-shells, 2) the 3D propagation 
simulation including absorption, phase mismatch, and plasma defocusing, and 3) the reconstruction of HH spectra 
using the given PRCS or extraction of PRCS from given experimental data. This procedure enables to analyze the 
possibility of multi-electron dynamics involvement in the HHG process by decomposing the macroscopic effects 
from the experimental HH spectra. 
 
III.1 Differential PRCS curves 
 
Since the photo-recombination is the time-reversed process of photo-ionization, the PRCS can be retrieved from the 
photo-ionization cross-section (PICS) using the principle of “detailed balance” [31,32]. Since the ionization and 
recombination of electrons during HHG occurs predominantly along the laser polarization direction, we are 
interested in differential PICS (or PRCS) of the orbital relevant to the HHG process. Differential PICS for each 
orbital can be obtained from the quantum-mechanical calculations of the transition dipole moment between the EWP 
and the ionic state, where the modeling of the short-range potential is very critical for the accurate prediction of the 
wave function interference. The position sensitivity of the observed Cooper minimum of Ar is a good example. Here, 
following the approach in Refs. [4,6], we used the PICS (σi) curve and the angular asymmetry parameter (β) for 
each sub-shell published in Ref. [33] to obtain the differential PICS curve in Xe, Kr, and Ar. The total PICS curve, 
or the sum of the PICS curves for each orbital (partial PICS), shows a good agreement to more recent measurements 
on the total PICS of Xe, Kr, and Ar [34]. This confirms that the differential PICS calculated from Ref. [33] is 
reliable. The differential PICS is converted into the differential PRCS using detailed balance. In summary, the 
differential PRCS, /rd dσ Ω , in HHG, where the dipole is parallel to the polarization direction of the XUV photon 
and the driving field, can be calculated, in atomic units, by 
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where σr is the PRCS, Ω is the solid angle, ω is the XUV photon energy, c is the speed of light, k is the momentum 
of electron, σi  is the PICS, β is the angular asymmetry parameter, and Ip is the ionization potential of each sub-shell. 
As mentioned above, σi  and β are taken from Ref. [33], and 2 / 2p pI E I kω = + = + . The calculated differential 
PRCS of each sub-shell in different gases will be presented and compared to the experimental HH spectra in section 
IV.  
 
III.2 3D propagation simulation of HHG  
The 3D HHG simulation is a combination of three simulation steps: the propagation of the driver pulse, the single 
atom HHG at each propagation point, and the integration of emitted HH fields. Since the conversion efficiency of 
HHG is very small, we can ignore the influence of the HH field on the driver pulse and solve the propagation 
independently. The solution is the electric field distribution of the driver pulse at every spatial point as a function of 
time, with which we calculate the local electric dipole and the radiated HH field. Finally, these HH fields emitted 
from a volume element of the medium are linearly propagated through the rest of the medium and integrated at the 
end. 
For propagation of the driver field, we use the propagation equation presented in Ref. [8], which takes into account 
diffraction, self-focusing by neutral media, plasma defocusing, and ionization loss. Dispersion and other nonlinear 
effects can be neglected because the medium under consideration is a low pressure short gas jet. Within the slowly 
evolving wave approximation, the propagation equation reads: 
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where E is the complex representation of the electric field; z and τ are the propagation distance and the retarded time 
respectively; k is the wave-vector at the carrier frequency; 2
⊥∇  is the transversal Laplace operator; n2 is the nonlinear 
index of refraction; ωp is the plasma frequency; Ip is the ionization potential of the atom; ρ is the number density of 
the ionized atoms. The ionization rate ρ τ∂ ∂  is given by the Ammosov-Delone-Krainov (ADK) formula [35]. 
Because of cylindrical symmetry, E is a function of z, τ, and the radial coordinate r. The diffraction in the radial 
direction is included with the aid of the quasi-discrete Hankel transform [36]. The propagation step along the z 
direction is not limited by the propagation equation but by the phase difference and the highest harmonic order. 
When the phase of the driver pulse changes by 0.1rad, it results in a phase difference of 10.1rad for the 101st 
harmonic, which is far beyond the Nyquist criterion. Therefore, in our simulation, the propagation step is dynamic 
and ensures a phase change of the driver pulse less than 6.2 mrad, which is precise enough for sampling of a 
harmonic with 300 eV of photon energy. This propagation step is also small enough to accurately propagate the 
driver pulse. 
 
III.3 Three-step model and macroscopic HH spectrum  
The single atom dipole response of HHG is calculated by the semi-classical three-step model. The HH dipole 
acceleration of a single atom can be written as [20]: 
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where ω0 is the driver frequency; the summation over n considers the possibility of multiple returns; t’ denotes the 
birth time of the ionized electron; |a(t)|2 is the ground state probability; w(E), as a function of the driver electric 
field, is the ionization rate given by the ADK formula; arec is the recombination amplitude; Sn(t) is the classical 
action. Here the acceleration gauge is employed to calculate the HH dipole acceleration [37], and the recombination 
amplitude is 0reca V= − ∇ k , where 0  is the ground state wave-function; V∇  is the gradient of the atomic 
potential; k  is the wave-function of a plane wave with momentum k. It can be related to the conventional 
definition 0 x k  by: 
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Because of quantum diffusion and phase matching constraints [38], the higher order returns of the ionized electron 
can be neglected, and only the first return and recombination is taken into account in our calculation. High-order 
returns also contribute only low photon energy part in HH spectra [39,40]. This eliminates in Eq. (4) the summation 
leaving only the latest trajectory. Transformed to the frequency domain and multiplied by appropriate pre-factors, 
the dipole acceleration can give us the single-atom HH spectrum. By setting the recombination amplitude reca  to be 
a constant (i.e., unity), we can obtain the pure EWP spectrum as follows:  
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If combined with the pulse propagation effect, the calculated HH spectrum, Sflat (ω), directly represents the 
macroscopic EWP [5,41]. We integrated the emitted spectrum over all the radial position, but the spatial effect can 
be also investigated using our 3D propagation code.  
 
The recombination amplitude and the actual HH spectrum can be calculated using the atomic structure represented 
by the differential PRCS [7]. 
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Finally, we obtain the following relation for the HH spectrum: 
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Since this HH spectrum contains both the propagation (Sflat(ω)) and atomic response (dσr/dΩ), it can quantitatively 
reproduce the experimentally obtained data (S(ω)) using Eq. (8). On the other hand, the differential PRCS (dσr/dΩ) 
can be extracted from the experimental HH spectrum (S(ω)) and the simulated macroscopic EWP (Sflat(ω)) using Eq. 
(9). 
 
IV. Signature of single-atom response and propagation effects in HH spectra 
In this section, we calculate the macroscopic EWPs in the HH spectrum generated with Xe, Kr, and Ar, and then 
reproduce the experimentally observed HH spectra using the differential PRCS of each gas computed from PICS. A 
detailed analysis of HH spectra enables to understand the signature of atomic response and propagation effects in the 
HH spectrum. 
 
IV.1 Analysis of HHG spectrum in Xe 
We first studied the impact of propagation effects on the shape of the HH spectrum in Xe using the 3D propagation 
simulation that allows precise calculation of the macroscopic EWP (Sflat(ω)) with a constant recombination 
amplitude. When the gas species and the laser beam profile are fixed, the pulse propagation effect is mostly 
determined by laser intensity, focusing geometry, gas pressure, and medium length. In the simulation, we set all the 
parameters to be close to the experimental values. Since the gas jet position (z) relative to the focus is one of the 
critical macroscopic parameters for efficient HHG, we plotted the HH spectra depending on z. Figure 3(a) illustrates 
the definition of sign of gas jet position (z), where we set z to be negative when the laser beam focus is before the 
gas nozzle. The XUV absorption by the gas medium itself is one of the major macroscopic effects affecting the 
spectral shape and is represented by the Xe transmission curve in Fig. 3(b). A medium length of 2 mm and a 
pressure of 50 mbar are used in the simulation as the experimental conditions in Fig. 2(a). 
 
Figure 3(c)-(e) shows the calculated spectra of macroscopic EWP depending on the z position in terms of photon 
energy (Sflat(ω) in Eq. (6)) after the propagation of pulses. The focused intensity in this calculation is 0.8x1014 
W/cm2, which is within the estimated experimental intensity. When the laser focus is placed 2 mm after the gas jet 
(z=+2 mm) or the gas jet is placed at 2 mm before the focus, the cutoff energy is extended only up to 60 eV and the 
absorption in the low photon energy range is weak, as shown in Fig. 3(c). This means that the high harmonics are 
mostly generated at the end of the jet, experiencing low absorption, and the effective peak intensity of the pulse is 
low. Figure 3(d) is the EWP spectrum calculated when the gas jet is at the focus (z=0 mm). The cutoff energy of ~90 
eV due to higher peak intensity and the low-energy (<30 eV) absorption are observed. Figure 3(e) is for the case that 
the gas jet is placed at 2 mm after the focus (z=-2 mm). Since the harmonics are generated at the beginning of the 
gas jet due to the focal position, the absorption at both the cutoff and low-energy part is very strong, as expected by 
the Xe transmission curve of Fig. 3(b). As a result, the cutoff is reduced to ~75 eV. The absorption region is marked 
as yellow shade. It is expected that the cutoff will be extended to beyond ~90 eV of Fig. 3(d) if the absorption is not 
strong at the cutoff, as will be discussed in Kr and Ar cases. 
 
To reproduce the experimental HH spectrum in Xe with the simulation, we chose an EWP spectrum at a proper z 
position close to the experimental condition and calculate the HH spectrum S(ω) using Eq. (8). The condition z=0 
mm is not easy to clearly define by using the beam profile in the experiment because the imaging of the focused 2.1-
µm beam is not trivial. Instead, we used the position of plasma generated in air at low laser intensity. The position of 
the gas jet for the experimental HH spectrum shown in Fig. 2(a) was slightly after the focus within the Rayleigh 
range. The experimental error in locating the focus position is estimated to be ~1 mm. After comparing the 
experimental HH spectra with the simulated HH spectra at z=0, -1, and -2 mm, we found the best fit for z=-1 mm.  
 
Figure 4(a) shows the simulated macroscopic EWP (Sflat(ω)) at z=-1 mm and Fig. 4(b) is the corresponding HH 
spectrum calculated using Eq. (8), where the differential PRCS curve of the valence 5p shell of Xe was obtained 
from Ref. [33] and Eq. (2). Figure 4(c) is the experimental HH spectrum in Xe whose spectral response was 
corrected from Fig. 2(a) for the X-ray filter transmission and detector sensitivity. Both calculated and measured 
spectra are compared with the 5p shell PRCS for indentifying the imprinted atomic response. The calculated HH 
spectrum quantitatively reproduces the cutoff energy (~90 eV) and low-energy absorption (<30 eV) of the 
experimentally measured HH spectrum. The experimental and calculated HH spectra of Figs. 4(b) and (c) generally 
follow the tendency of PRCS of 5p valence shell, as expected. 
 
As an alternative way of analysis to the reproduction of experimental HH spectra, in Fig. 4(d), we extracted the 
PRCS curve (cross dots) of Xe from Figs. 4(a) and (c) using Eq. (9) and compare it with the differential PRCS curve 
of 5p shell (red solid line) from published data of Fig. 4(b). The macroscopic effect is cancelled out in the extracted 
PRCS curve, showing that the precise simulation of macroscopic EWPs enables to perform the experimental HH 
spectroscopy in the presence of propagation effects. Morishita et al. [42] theoretically proposed a similar method of 
obtaining PRCS curves using time-dependent Schrödinger equation and EWP in the absence of macroscopic effects. 
We extend this concept to the macroscopic EWPs [4]. In Fig. 4(d), for reference, the differential PRCS curves for 
the next outermost sub-shells, 5s and 4d, are plotted as blue dashed and magenta dotted lines, respectively. The 
ionization potentials for 5p, 4d, and 5s sub-shells are 12, 68, and 28 eV, respectively. Since the 5p shell is the 
valence shell, where the electron is born and tunnel ionized during the HHG process, the ionized electron is 
expected to recombine into the 5p shell. In contrast, the giant resonance at ~100 eV reported by Shiner et al. [6] is 
attributed to the indirect 4d shell contribution in the recombination process. It originates from the Coulomb-induced 
inelastic scattering between the ionized electron from 5p shell and the bound electron in 4d shell, which forces a 4d 
electron to make a transition to the 5p hole. Our measurement in Fig. 4(b) does not show the giant resonance 
because the observed cutoff is not extended enough to see the effect of the 4d shell. The laser intensity was high 
enough to reach >100 eV at the cutoff, but multiple measurements confirmed that the HH signal quickly dropped at 
a higher intensity and the observed cutoff energy was not extended to higher than 90 eV. The simulated spectrum of 
Fig. 4(b) along with the Xe absorption curve in Fig. 3(b) clearly indicates that this is due to the absorption at the 
cutoff region. This suggests that the extended cutoff to >100 eV could be observed with much lower pressure or 
shorter medium length at the cost of HH efficiency. In the current experiment, the efficiency dramatically dropped 
close to the detection limit of our XUV spectrometer at a lower pressure. Therefore, a higher dynamic range of the 
spectrometer or higher driving energy is necessary for the HH spectroscopy in a single-atom regime. It should be 
noted that the absorption length is inversely proportional to the total PICS. Therefore, the atomic property of the gas 
is important for both the single-atom and propagation effects in the HHG process in terms of differential PRCS and 
total PICS, respectively.  
 
It is interesting to note in Fig. 4(d) that there is quantitative discrepancy found in the range of 60−80 eV between the 
extracted PRCS and the 5p shell PRCS curve. The former one has minor offset from the latter in this range. One 
possible way of explaining this offset is the contribution of the electron recombination into the 5s shell, which has a 
few times larger PRCS in this range than the 5p shell. If the inelastic scattering is considered, the 5s shell 
contribution modifies the effective PRCS that is proportional to both the Coulomb interaction term and the PRCS of 
the 5s shell. The Coulomb interaction is inversely proportional to the ionization energy difference (∆Ip) between 5s 
and 5p shells (16 eV), indicating that the electrons in closer shells experience larger Coulomb interaction. In fact, the 
5s shell is much closer to the 5p shell than the 4d shell relevant to the giant resonance and ∆Ip between 5p and 4d 
shells is as large as 56 eV. Therefore, despite the relatively small PRCS of 5s shell compared to that of the 4d shell, 
the minor spectral enhancement seems feasible from the electron recombination into 5s shell via Coulomb 
interaction. The nontrivial quantum mechanical calculation of the Coulomb interaction term [6] is necessary to 
quantify the indirect 4s shell contribution. In general, recent theoretical studies of the multi-channel effect [43] on 
HHG in atoms and molecules will help to quantitatively understand the multi-electron dynamics of HHG.  
 
IV.2 Analysis of HHG spectrum in Kr 
The same analysis is applied to the HH spectrum from Kr. We carried out 3D propagation simulations for 2-mm-
long Kr gas jet at 50 mbar to investigate the spectral shaping due to the macroscopic effects. Figure 5(a) is the XUV 
transmission curve of the Kr gas medium and Figures 5(b)-(d) show the simulated macroscopic EWP spectra 
(Sflat(ω))  for z=2, 0, and -2 mm, respectively, where the laser intensity at the focus is 1x1014 W/cm2. The 
dependence of the EWP spectra on the gas jet position can be explained in a similar way as for Xe in the previous 
section. One main difference is the extension of cutoff for z=-2 mm (~130 eV) compared to that for z=0 mm. We 
observe that the cutoff energy and the center of phase matching move towards higher photon energy as the gas jet 
move along the laser pulse through the focus. The cutoff is not limited by the absorption of Kr unlike for Xe, as 
shown by the transmission curve of Fig. 5(a).  
 
Knowing the differential PRCS of the Kr valence shell and the macroscopic EWP, we reproduced the experimental 
HH spectrum by use of Eq. (8). In the experiment the gas jet was also placed slightly after the focus. Figures 6(a) 
and (b) show the simulated macroscopic EWP (Sflat(ω)) at z=-1 mm and the corresponding HH spectrum considering 
the PRCS of the 4p valence shell, respectively. Figure 6(c) is the experimental HH spectrum whose spectral 
response is corrected from Fig. 2(b). For comparison, the differential PRCS of the 4p valence shell is also plotted in 
Figs. 6(b) and (c). The simulated spectrum reproduces not only the cutoff energy at ~l30 eV and the low-energy 
(<45 eV) absorption, but also the spectral enhancement in the range 60−100 eV in comparison with the PRCS of the 
4p shell. As is well known for Ar, the Cooper minimum [44] in Kr is attributed to the interference between s- and d- 
waves in the continuum state during the recombination into the p shell [45]. The Cooper minimum of the 4p shell at 
~80 eV of the PRCS curve, which is the main signature of the atomic response, is observed in both simulated and 
experimental spectra. However, due to the propagation effect, the observed position in the HH spectrum is shifted to 
the range of 60−70 eV in the experiment and 70−80 eV in the simulation.  
 
As an alternative approach, we extracted the PRCS curve of Kr from Figs. 6(a) and (c) using Eq. (9), as we did with 
Xe. Figure 6(d) shows the extracted PRCS curve (cross dots) together with the differential PRCS curves of two 
outermost shells, 4p (red solid line) and 4s (blue dashed line) shells. The ionization energies for the 4p and 4s shells 
are 14 and 26 eV, respectively. The extracted PRCS fits well to the computed differential PRCS of 4p shell and the 
shift of the Cooper minimum is less dramatic than in the experimental spectrum because the macroscopic effect is 
mostly removed in the extraction process. However, there is still a small offset in the range of 70−100 eV compared 
to the PRCS of the 4p shell. Similar to the Xe case, it is interesting that the PRCS of the 4s shell increases from 45 to 
120 eV. If the Coulomb interaction is strong enough, involvement of the 4s shell may explain the shallower 
minimum of our derived total PRCS compared to the published differential PRCS of the 4p shell. This can also lead 
to the argument of the indirect contribution of the 4s shell via Coulomb interaction like the case of Xe 5s shell, 
which still requires further theoretical and experimental investigations. Even though its origin is not yet conclusive, 
the offset of the extracted PRCS in the range of 70−100 eV helps to explain the dramatic shift of the Cooper 
minimum observed in our experimental HH spectrum in addition to the macroscopic effect.  
 
IV.3 Analysis of HHG spectrum in Ar 
The last gas medium we studied using HHG is Ar. To quantitatively investigate the propagation effect, we again 
performed a 3D propagation simulation with a 2-mm-long Ar jet at 70 mbar of pressure. Figure 7(a) is the XUV 
transmission in Ar and Figures 7(b)-(d) show the calculated macroscopic EWP of HHG in Ar for z=2, 0, -2 mm, 
respectively, where the laser intensity is 1.5x1014 W/cm2. The tendency with the gas jet position scan is basically the 
same as in Kr. Phase matching is shifted to higher photon energy and the low-energy absorption is stronger when the 
gas jet is placed after the focus (z=-2 mm). The cutoff is not limited by absorption of Ar. 
 
The Cooper minimum of Ar at 45−55 eV has been well known and studied extensively with PICS [34] and HHG 
[46,9,10]. The position of calculated Cooper minimum depends on the short-range potential model [7] and the 
experimental observation also depends on the experimental conditions. The PRCS curves for the outermost sub-
shells, 3p and 3s, are plotted for comparison in Fig. 8(d), where the ionization energy is 16 and 28 eV, respectively. 
The minima at ~53 eV for the 3p shell and ~43 eV for the 4s shell obtained from Ref. [33] are consistent with the 
measured minimum at ~47 eV for the total PICS in Ref. [34] that is the mixture of 3p and 3s shells. The Cooper 
minimum at ~53 eV has been observed in a very recent HH spectroscopy experiment using a 1.8-µm driver by 
Higuet et al. [9].  
 
We reproduced the HH spectrum from the PRCS of the Ar 3p valence shell and the simulated EWP using Eq. (8). 
The PRCS curve for >110 eV is linearly extrapolated as an approximation from the data of Ref. [33] because the 
total PICS in Ref. [47] shows a linear decrease in this range. The asymmetry parameter is constant at 2 for the 4s 
shell while it gradually increases from 1.5 to 2 for the 4p shell, indicating that there is no oscillation or resonance of 
PRCS in the extrapolated range. Figure 8(a) shows the HH spectrum at z=0 mm calculated from Fig. 7(c), which 
clearly reveals the Cooper minimum at ~53 eV, as expected by the PRCS of the 3p shell. In contrast, the HH 
spectrum at z=-2 mm of Fig. 8(b) calculated from Fig. 7(d), which is close to our experimental condition, does not 
show a clear minimum in the overall HH spectral structure. The phase-matched region, shifted to the high photon 
energy, and the low-energy absorption wash out the structure of a local minimum. This is consistent with the 
experimental HH spectrum in Fig. 8(c), where the spectral sensitivity of this figure is corrected from Fig. 2(c) using 
the detector sensitivity and X-ray filter transmission. The signal below ~55 eV was measured to be in the noise level 
and thus the Cooper minimum at ~53 eV is not clearly observed. This result shows that the macroscopic effects can 
make it difficult to observe the Cooper minimum in such experiments as optimized for high conversion efficiencies.  
 
We also extracted the PRCS of Ar from Figs. 8(c) and 7(d) using Eq. (9), as shown by cross dots in Figure 8(d). The 
differential PRCS curves of 4p (red solid line) and 4s (blue dashed line) shells are also presented for comparison, 
where the extrapolated parts (>110 eV) are represented by thin dotted lines. The extracted PRCS is in good 
agreement with the 4p PRCS curve in the range of 55−110 eV. The discrepancy for >100 eV is attributed to the 
cutoff behavior of the experimental HH spectrum as well as the approximation in the extrapolation of the 4p PRCS 
curve. The indirect contribution of the 3s shell does not need to be considered because its PRCS is already much 
lower than the 3p PRCS. Even though the Cooper minimum was not revealed, the accuracy of extracted PRCS in the 
range of 55−110 eV demonstrates that the HH spectroscopy is still possible under the strong macroscopic effects. 
 
V. Conclusions 
We studied the atomic response and pulse propagation effects in HHG with Xe, Kr, and Ar driven by a 2.1-µm 
femtosecond OPCPA system. The cutoff extension was demonstrated and single harmonic conversion efficiencies 
were measured in the range of ~10-9 near the observed cutoff energy. The extended cutoff in the long-wavelength 
driven HHG has revealed the spectral shaping of high-harmonics due to both the PRCS and the pulse propagation, 
which are the two main factors that determine the conversion efficiency besides the driving wavelength. Following 
the concept of QRS theory, we numerically reproduced the experimental HH spectra using a modified strong-field 
approximation and a 3D pulse propagation simulation. By extracting PRCS curves from the experimentally 
measured HH spectra and simulated macroscopic EWP, we showed that the HH spectroscopy is still feasible in the 
presence of propagation effects because the atomic response can be quantitatively separated from the propagation 
effects with the help of precise calculation of the macroscopic EWP. 
  
Since the calculation of macroscopic EWP is mostly determined by the driving laser field, the ionization potential, 
and macroscopic parameters, it can be extended to the HHG in molecules. Therefore, our approach makes the HH 
spectroscopy more powerful tool for analyzing the atomic and molecular structure under the propagation effects. 
More systematic comparison of experimental and simulated HH spectra along with an extensive parameter scan will 
help to increase the precision of this method. 
 
Acknowledgement 
This work was supported by AFOSR FA9550-09-1-0212, FA9550-10-1-0063, and FA9550-12-1-0080, and the 
Center for Free-Electron Laser Science, DESY. 
 
 
References 
[1] P. B. Corkum, “Plasma perspective on strong field multiphoton ionization,” Phys. Rev. Lett. 71, 1994 (1993). 
[2] K. J. Schafer, Baorui Yang, L. F. DiMauro, and K. C. Kulander, “Above threshold ionization beyond the high 
harmonic cutoff,” Phys. Rev. Lett. 70, 1599–1602 (1993). 
[3] J. Itatani, J. Levesque, D. Zeidler, H, Niikura, H. Pepin, J. C. Kieffer, P. B. Corkum, and D. M. Villeneuve, 
“Tomographic imaging of molecular orbitals,” Nature (London) 432, 867-871 (2004). 
[4] M. V. Frolov, N. L. Manakov, T. S. Sarantseva, and A. F. Starace, “Analytic formulae for high harmonic 
Generation,” J. Phys. B: At. Mol. Opt. Phys. 42, 035601 (2009). 
[5] C. Jin, A.-T. Le, and C. D. Lin, “Retrieval of target photorecombination cross sections from high-order 
harmonics generated in a macroscopic medium,” Phys. Rev. A 79, 053413 (2009). 
[6] A. D. Shiner, B. E. Schmidt, C. Trallero-Herrero, H. J. Wörner, S. Patchkovskii, P. B. Corkum, J-C. Kieffer, F. 
Légaré, and D. M. Villeneuve, “Probing collective multi-electron dynamics in xenon with high-harmonic 
spectroscopy,” Nature Phys. 7, 464 (2011).  
[7] A.-T. Le, R. R. Lucchese, S. Tonzani, T. Morishita, and C. D. Lin, “Quantitative rescattering theory for high-
order harmonic generation from molecules,” Phys. Rev. A 80, 013401 (2009); it should be noted that the coefficient 
of Eq. (25) in this paper needs additional 1/c2 factor. 
[8] C.-J. Lai and F. X. Kärtner, “The influence of plasma defocusing in high harmonic generation,” Opt. Express 19, 
22377 (2011).  
[9] J. Higuet, H. Ruf, N. Thire, R. Cireasa, E. Constant, E. Cormier, D. Descamps, E. Mevel, S. Petit, B. Pons, Y. 
Mairesse, and B. Fabre, “High-order harmonic spectroscopy of the Cooper minimum in argon: Experimental and 
theoretical study,” Phys. Rev. A 83, 053401 (2011). 
[10] J. P. Farrell, L. S. Spector, B. K. McFarland, P. H. Bucksbaum, M. Guhr, M. B. Gaarde and K. J. Schafer, 
“Influence of phase matching on the Cooper minimum in Ar high-order harmonic spectra,” Phys. Rev. A 83, 023420 
(2011). 
[11] T. Brabec and F. Krausz, “Intense few-cycle laser fields: Frontiers of nonlinear optics,” Rev. Mod. Phys. 72, 
545 (2000). 
[12] B. Shan and Z. Chang, “Dramatic extension of the high-order harmonic cutoff by using a long-wavelength 
driving field,” Phys. Rev. A 65, 011804(R) (2001).  
[13] A. Gordon and F. X. Kärtner, “Scaling of keV HHG photon yield with drive wavelength,” Opt. Express 13, 
2941 (2005). 
[14] E. J. Takahashi, T. Kanai, K. L. Ishikawa, Y. Nabekawa, and K. Midorikawa, “Coherent water window x ray by 
phase-matched high-order harmonic generation in neutral media,” Phys. Rev. Lett. 101(25), 253901 (2008).  
[15] P. Colosimo, G. Doumy, C. I. Blaga, J. Wheeler, C. Hauri, F. Catoire, J. Tate, R. Chirla, A. M. March, G. G. 
Paulus, H. G. Muller, P. Agostini, and L. F. DiMauro, “Scaling strong-field interactions towards the classical limit,” 
Nat. Phys. 4(5), 386–389 (2008). 
[16] M. C. Chen, P. Arpin, T. Popmintchev, M. Gerrity, B. Zhang, M. Seaberg, D. Popmintchev, M. M. Murnane, 
and H. C. Kapteyn, “Bright, coherent, ultrafast soft X-ray harmonics spanning the water window from a tabletop 
light source,” Phys. Rev. Lett. 105(17), 173901 (2010). 
[17] B. E. Schmidt, A. D. Shiner, P. Lassonde, J.-C. Kieffer, P. B. Corkum, D. M. Villeneuve, and F. Légaré, “CEP 
stable 1.6 cycle laser pulses at 1.8 μm,” Opt. Express 19(7), 6858–6864 (2011), 
[18] K.-H. Hong, S.-W. Huang, J. Moses, X. Fu, C.-J. Lai, G. Cirmi, A. Sell, E. Granados, P. Keathley, and F. X. 
Kärtner, “High-energy, phase-stable, ultrabroadband kHz OPCPA at 2.1 µm pumped by a picosecond cryogenic 
Yb:YAG laser,” Opt. Express 19, 15538-15548 (2011). 
[19] T. Popmintchev, M.-C. Chen, D. Popmintchev, P. Arpin, S. Brown, S. Ališauskas, G. Andriukaitis, T. 
Balčiunas, O. Mücke, A. Pugzlys, A. Baltuška, B. Shim, S. E. Schrauth, A. Gaeta, C. Hernández-García, L. Plaja, A. 
Becker, A. Jaron-Becker, M. M. Murnane, and H. C. Kapteyn, “Bright Coherent Ultrahigh Harmonics in the keV X-
ray Regime from Mid-Infrared Femtosecond Lasers,” Science 336, 1287 (2012). 
[20] E. L. Falcão-Filho, V. M. Gkortsas, A. Gordon and F. X. Kärtner, “Analytic scaling analysis of high harmonic 
generation conversion efficiency,” Opt. Express 17, 11217 (2009). 
[21] T. Hayaishi, Y. Morioka, Y. Kageyama, M. Watanabe, I. H. Suzuki, A. Mikuni, G. Isoyama, S. Asaoka, and M. 
Nakamura, “Multiple photoionisation of the rare gases in the XUV region,” J. Phys. B: At. Mol. Phys. 17 3511 
(1984). 
[22] M. Sano, Y. Itoh, T. Koizumi, T. M. Kojima, S. D. Kravis, M. Oura, T. Sekioka, N. Watanabe, Y. Awaya, and 
F. Koike, “Photoionization of 4d-electrons in singly charged Xe ions,” J. Phys. B: At. Mol. Opt. Phys. 29 5305 
(1996). 
[23] C. Vozzi, M. Negro, F. Calegari, G. Sansone, M. Nisoli, S. De Silvestri, and S. Stagira, “Generalized molecular 
orbital tomography,” Nature Phys. 7, 822–826 (2011).  
[24] V.-Marios Gkortsas, S. Bhardwaj, E. L. Falcão-Filho, K.-H. Hong, A. Gordon and F. X. Kärtner, “Scaling of 
high harmonic generation conversion efficiency,” J. Phys. B: At. Mol. Opt. Phys. 44, 045601 (2011). 
[25] J. Moses, S.-W. Huang, K.-H. Hong, O. D. Mücke, E. L. Falcão-Filho, A. Benedick, F. Ö. Ilday, A. Dergachev, 
J. A. Bolger, B. J. Eggleton, and F. X. Kärtner, “Highly stable ultrabroadband mid-IR optical parametric chirped-
pulse amplifier optimized for superfluorescence suppression,” Opt. Lett. 34, 1639 (2009). 
[26] K.-H. Hong, J. T. Gopinath, D. Rand, A. M. Siddiqui, S.-W. Huang, E. Li, B. J. Eggleton, J. D. Hybl, T. Y. Fan, 
and F. X. Kärtner, “High-energy, kHz-repetition-rate, ps cryogenic Yb:YAG chirped-pulse amplifier,” Opt. Lett. 
35(11), 1752–1754 (2010). 
[27] E. L. Falcão-Filho, C.-J. Lai, K.-H. Hong, V.-M. Gkortsas, S.-W. Huang, L.-J. Chen, and F. X. Kärtner, 
“Scaling of high-order harmonic efficiencies with visible wavelength drivers: a route to efficient EUV sources,” 
Appl. Phys. Lett. 97, 061107 (2010). 
[28] D. G. Lee, H. J. Shin, Y. H. Cha, K. H. Hong, and C. H. Nam, "Selection of high harmonics from a single 
quantum path for attosecond pulse generation," Phys. Rev. A 63, 021801(R) (2001). 
[29] G. Marcus, W. Helm, X. Gu, Y. Deng, R. Hartmann, T. Kobayashi, L. Strueder, R. Kienberger, and F. Krausz, 
“Subfemtosecond K-Shell Excitation with a Few-Cycle Infrared Laser Field,” Phys. Rev. Lett. 108, 023201 (2012). 
[30] O. Smirnova, Y. Mairesse, S. Patchkovskii, N. Dudovich, D. Villeneuve, P. Corkum, and M. Y. Ivanov, “High 
harmonic interferometry of multi-electron dynamics in molecules,” Naure 406, 972 (2009).  
[31] Landau & Lifshitz, “Quantum Mechanics (3rd ed. 1977),” pp. 607.  
[32] A. F. Starace, “Theory of Atomic Photoionization,” (Springer-Verlag, 1982). 
[33] K.-N. Huang and W. R. Johnson, “Theoretical photoionization parameters for the noble gases argon, krypton, 
and xenon,” Atomic Data and Nuclear Data Tables 26, 33 (1981). 
[34] J. A. R. Samson and W. C. Stolte, “Precision measurements of the total photoionization cross-sections 
of He, Ne, Ar, Kr, and Xe,” Journal of Electron Spectroscopy and Related Phenomena 123, 265–276 (2002). 
[35] M. V. Ammosov, N. B. Delone, and V. P. Krainov, “Tunnel ionization of complex atoms and of atomic ions in 
an alternating electromagnetic field,” Sov. Phys. JETP 64(6), 1191–1194 (1986). 
[36] L. Yu, M. Huang, M. Chen, W. Chen, W. Huang, and Z. Zhu, “Quasi-discrete Hankel transform,” Opt. Lett. 23, 
409 (1998). 
[37] A. Gordon, F. X. Kärtner, N. Rohringer, and R. Santra, “Role of many-electron dynamics in high harmonic 
generation,” Phys. Rev. Lett. 96, 223902 (2006). 
[38] J.-H. Kim, H. J. Shin, D. G. Lee, and C. H. Nam, “Enhanced spectral resolution of high-order harmonics by 
coherent sum of dipole spectra,” Phys. Rev. A 62, 055402 (2000). 
[39] M. Lewenstein, Ph. Balcou, M. Yu. Ivanov, A. L’Huillier, and P. B. Corkum, “Theory of high-harmonic 
generation by low-frequency laser fields,” Phys. Rev. A 49, 2117 (1994). 
[40] J. Tate, T. Auguste, H. G. Muller, P. Salieres, P. Agostini, and L. F. DiMauro, “Scaling of wave-packet 
dynamics in an intense midinfrared field,” Phys. Rev. Lett. 98, 013901 (2007). 
[41] C. Jin, A.-T. Le, and C. D. Lin, “Medium propagation effects in high-order harmonic generation of Ar and N2,” 
Phys. Rev. A 83, 023411 (2011). 
[42] T. Morishita, A.-T. Le, Z. Chen, and C. D. Lin, “Accurate Retrieval of Structural Information from Laser-
Induced Photoelectron and High-Order Harmonic Spectra by Few-Cycle Laser Pulses,” Phys. Rev. Lett. 100, 
013903 (2008). 
[43] S. Pabst, L. Greenman, D. A. Mazziotti, and R. Santra, “Impact of multichannel and multipole effects on the 
Cooper minimum in the high-order-harmonic spectrum of argon,” Phys. Rev. A 85, 023411 (2012). 
[44] J. W. Cooper, Phys. Rev. 128, 681 (1962). 
[45] A. D. Shiner, B. E. Schmidt, C. Trallero-Herrero, P. B. Corkum, J.-C. Kieffer, F. Légaré, and D. M. Villeneuve, 
“Observation of Cooper minimum in krypton using high harmonic spectroscopy,” J. Phys. B: At. Mol. Opt. Phys. 45 
074010 (2012) . 
[46] S. Minemoto, T. Umegaki, Y. Oguchi, T. Morishita, A.-T. Le, S. Watanabe, and H. Sakai “Retrieving 
photorecombination cross sections of atoms from high-order harmonic spectra,” Phys. Rev. A 78, 061402(R) (2008). 
[47] D. A. Verner, G. J. Ferland, K. T. Korista, D. G. Yakovlev, “Atomic data for astrophysics. II. New analytic fits 
for photoionization cross sections of atoms and ions.” Astrophys. J. 465, 487 (1996). 
 
 
Figures  
 
 
 
 
MgO:PPLN
DFG
MgO:PPLN
OPA 1
λ = 2.1 µm
0.5 mJ
Si
compressed pulse
Brewster-angle
Suprasil 300
MgO:PPSLT
OPA 2
13 mJ
BBO
OPA 3
1.4  mJ
Nd:YLF CPA system 
(1047 nm) at 1 kHz
Ti:Sapphire
oscillator
Cryogenic Yb:YAG CPA 
system (1029 nm) at 1 kHz
Pump 1
Pump 2
Si
Energy 
control
XUV 
spectrometer gas jet
harmonic 
pulses
toroidal mirror X-ray filter
HHG chamber  
 
Fig. 1 Optical layout of the ultrabroadband CEP-stable 2.1-μm 3-stage OPCPA system and HHG setup. Acronyms 
are described in the text. 
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Fig. 2 (Color online) Experimentally measured HH spectra from Xe (a), Kr (b), and Ar (c). The blue and red curves 
show the measurements with different X-ray filters. 
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Fig. 3 (Color online) Calculated macroscopic EWP (Sflat(ω)) depending on the Xe gas jet position. Definition of the 
sign of z (a), XUV transmission in 2-mm-long Xe medium with 50 mbar (b), and EWP spectra for z=+2 mm (c), z=0 
(d), and z=-2 mm (e). Yellow area represents the region affected by strong XUV absorption. 
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Fig. 4 (Color online) Reproduction of the experimental HH spectrum in Xe using simulation and comparison of 
PRCS curves. Simulated macroscopic EWP (Sflat(ω)) at z=-1 mm (a), calculated spectrum with PRCS curve of 5p 
shell (b), experimental HH spectrum corrected for spectral response of detector and X-ray filter (c), and the 
extracted PRCS (cross dots) in comparison with the PRCS curves of 5p, 5s, and 4d shells, represented by red solid 
line, blue dashed line, and magenta dotted line, respectively (d).  
25 50 75 100 125 150
  
Photon Energy (eV)
 z=-2 mm
I=1x1014 W/cm2
 
 
 
W
av
ep
ac
ke
t (
ar
b.
 u
ni
ts
)
 z=2 mm
 
 
 z=0 mm
0.0
0.5
1.0
Kr, 50 mbar, 2 mm
 
 
Tra
ns
mi
ss
ion (a)
(b)
(c)
(d)
 
 
Fig. 5 (Color online) Calculated macroscopic EWP (Sflat(ω)) depending on the Kr gas jet position. XUV 
transmission in 2-mm-long Kr medium with 50 mbar (a), and calculated EWP spectra for z=+2 mm (b), z=0 (c), and 
z=-2 mm (d). Yellow area represents the region affected by strong XUV absorption. 
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Fig. 6 (Color online) Reproduction of the experimental HH spectrum in Kr using simulation and comparison of 
PRCS curves. Simulated macroscopic EWP (Sflat(ω)) at z=-1 mm (a), calculated spectrum with PRCS curve of 4p 
shell (b), experimental HH spectrum with the correction of spectral response of detector and X-ray filter (c), and the 
extracted PRCS (cross dots) compared with PRCS curves of 4p and 4s shells, represented by red solid line and blue 
dashed line, respectively (d).  
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Fig. 7 (Color online) Calculated macroscopic EWP (Sflat(ω)) depending on the Ar gas jet position. XUV 
transmission in 2-mm-long Ar medium with 70 mbar (a), and calculated EWP spectra for z=+2 mm (b), z=0 (c), and 
z=-2 mm (d). Yellow area represents the region affected by strong XUV absorption. 
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Fig. 8 Comparison of calculated HH spectra at z=0 (a) and -2 mm (b) in Ar with the experimentally measured 
spectrum (c), and the comparision of PRCS curves. (c) is corrected for the spectral response of detector and X-ray 
filter. The PRCS curves of 3p and 3s shells in (d) are represented the red solid line and blue dotted line, respectively, 
while the extracted PRCS curve is by cross dots. The dotted lines for >110 eV in all figures are linearly extrapolated 
[33, 47].    
 
